ASSR thresholds to bone-conduction stimuli were determined in 10 adults with normal hearing using mastoid placement of the bone oscillator. ASSRs to 0-50 dB HL bone-conduction stimuli and to 30-60 dB HL air-conduction stimuli were compared.The effect of alternating stimulus polarity on air-and bone-conduction ASSRs was also investigated. Stimuli were bone-and air-conduction amplitudemodulated tones (500-4000 Hz carrier frequencies, modulated at 77-101 Hz). ASSRs were recorded using the Rotman MASTER research system. Mean (1SD) bone-conduction ASSR thresholds were 22(11), 26(13), 18(8), and 18(11) dB HL for 500, 1000, 2000, and 4000 Hz, respectively. Except for a steeper slope at 500 Hz, ASSR intensity-amplitude functions for binaural bone-and air-conduction stimuli showed the same slopes; intensity-phase-delay functions were steeper at 1000 Hz for ASSRs to bone-conduction stimuli. ASSR amplitudes and phases did not differ for single-versus alternated-stimulus polarities for both bone-and air-conduction stimuli. The steeper amplitude slope for ASSRs to 500 Hz stimuli may reflect a nonauditory contribution to the ASSR.
A uditory evoked potentials (AEPs) are required to estimate hearing thresholds at audiometric frequencies for individuals who cannot be tested using conventional behavioral measures. Infants, young children, and multiply handicapped individuals who are difficult to test are typically the individuals that benefit most from evoked potential audiometry. There are also adults who are assessed using AEPs in cases where hearing loss is a condition under consideration for monetary compensation. Auditory brainstem responses (ABRs) are the AEPs that are currently used clinically for threshold assessment in infants and young children. ABRs may be evoked by air-and bone-conduction brief-tone stimuli to obtain frequency-specific audiometric information in sleeping and relaxed subjects (Stapells and Ruben, 1989; Foxe and Stapells, 1993; ConeWesson and Ramirez, 1997; Stapells, 2000a, b) . One shortcoming of the ABR technique is that only one ear and one frequency can be tested at the same time. Another limitation of the ABR to brief tones is that detection of a response in the waveform depends on skilled, subjective assessment of replicated responses, allowing for error in judgement of the presence of responses depending on the experience of the clinician (Stapells, 2000a) .
Auditory steady-state responses (ASSRs) use amplitude and/or frequency modulated stimuli to evoke AEPs, and are currently of great interest because they can quickly and objectively obtain frequency-specific thresholds (for review, see Picton et al, 2003) . ASSRs can be recorded for single-or multiplecarrier frequencies to one, or both, ears simultaneously. ASSRs are detected objectively using statistical tests (John and Picton, 2000) ; their detection does not rely on the experience of the clinician. Multiple ASSRs are thus of considerable interest as an assessment tool because of their objectivity and potential for reducing clinical testing time.
ASSRs to air-conduction stimuli have been found to provide reasonably accurate prediction of hearing sensitivity at the audiometric frequencies for adults and young children (for review, see Picton et al, 2003) . In order to distinguish between sensorineural, conductive and mixed hearing losses, AEP techniques must provide thresholds for both air-and bone-conduction stimuli, as is routinely done in behavioral audiometry. Frequency-specific thresholds and identification of type of hearing loss are necessary to make decisions regarding medical intervention and planning aural (re)habilitation. Accurate bone-conduction thresholds are particularly important when assessing children who have unilateral or bilateral otitis media or atresia (Jahrsdoerfer et al, 1985; Stapells and Ruben, 1989) . ASSRs to bone-conduction stimuli have not been thoroughly investigated. At the outset of the present study, only three previous studies had reported findings for ASSRs elicited by bone-conduction stimuli. Two of these studies used bone-conduction stimuli presented at the forehead to elicit ASSRs in adults with normal hearing (Lins et al, 1996; Dimitrijevic et al, 2002) ; a third study, conducted in our lab, recorded ASSRs to bone-conduction stimuli presented at the mastoid of adults with severe-to-profound hearing loss (Small and Stapells, 2004) .
All three studies that recorded ASSRs to bone-conduction stimuli reported results that conducción ósea en 1000 Hz. Las amplitudes y fases de las ASSR no fueron diferentes para estímulos de polaridad sencilla versus polaridad alternante, tanto para la conducción ósea como aérea. La pendiente de amplitud más pronunciada para las ASSR con estímulos de 500 Hz puede reflejar un elemento no auditivo en los ASSR.
Palabras Clave: Audiometría, respuestas auditivas de estado estable, conducción ósea, potencial evocado, audición normal Abreviaturas: AC = conducción aérea; A/D = tasa de conversión analógica a digital; ANSI = Instituto Nacional Americano de Normas; ASSR = respuesta auditiva de estado estable; BC = conducción ósea; D/A = tasa de conversión digital a analógica; FFT = transformación rápida de Fourier; RETFL = nivel de fuerza umbral de referencia equivalente; RETSPL = nivel umbral de presión sonora de referencia equivalente are different for 500 Hz compared to higher carrier frequencies. Lins et al (1996) and Dimitrijevic et al (2002) assessed responses to bone-conduction stimuli no more than 20-30 dB above threshold and found differences in amplitude/phase measures for bone-versus air-conduction ASSRs, particularly, for 500 and 1000 Hz carrier frequencies. In a previous study, we recorded ASSRs in individuals who could not hear the stimuli and clearly showed that bone-and high-intensity air-conduction stimuli can produce spurious "responses," especially for 500 and 1000 Hz carrier frequencies (Small and Stapells, 2004) . Based on these findings, it is possible that some of the results reported by Lins et al and Dimitrijevic et al may have been contaminated by stimulus artifact.
The presence of spurious responses in subjects that cannot hear the stimulus is explained, in part, by the presence of highamplitude stimulus artifact in the EEG (electroencephalogram) produced by the bone oscillator. A significant problem with boneconduction stimulus artifact in the EEG is that this energy can alias to exactly the same frequency as the ASSR modulation rate of the stimulus, and be interpreted as a response. "Alternating" the stimulus polarity is a common technique used to remove or reduce stimulus artifact when recording ABRs (e.g., Hall, 1992, p. 319) and can also be used to reduce the effect of stimulus artifact that is present in the EEG when recording ASSRs. For ASSR recordings, this can be accomplished by inverting the stimulus, then averaging offline the responses to the inverted and noninverted stimuli to obtain a response representing the "alternated stimulus polarity." In our previous study (Small and Stapells, 2004) , we investigated ways to reduce or eliminate stimulus artifact. We found that the use of 500 Hz or 1000 Hz analog-to-digital conversion (A/D) rates and single-polarity stimuli, which have been commonly used to record ASSRs (Dimitrijevic et al, 2002; Stapells, 2001, 2003) , resulted in significant artifactual responses for 500, 1000, and 2000 Hz carrier frequencies. Use of an alternated stimulus polarity significantly reduced the number of spurious responses at these rates by canceling out artifact in the ASSRs. Use of a 1250 Hz A/D rate and insertion of a 300 Hz steep lowpass anti-aliasing EEG filter helped avoid spurious responses by preventing aliasing. In some of the subjects with severe-to-profound hearing loss, spurious responses to 500 Hz remained even after changing the A/D rate and adding in an additional anti-aliasing filter, and may be nonauditory physiologic responses (perhaps vestibular in nature).
Based on the results of our previous research in individuals with severe-toprofound hearing sensorineural loss (Small and Stapells, 2004) , we concluded that artifactual responses to bone-conduction stimuli are present for the following conditions. For single-polarity 500 and 1000 Hz stimuli, artifactual responses are present at: (1) 20-40 dB HL and higher for a 500 and 1000 Hz A/D rate, and (2) Lins et al (1996) and Dimitrijevic et al (2002) used stimuli that were in the intensity and frequency range that result in artifactual responses.
The present study had three purposes. First, to determine ASSR thresholds to multiple bone-conduction stimuli presented at the mastoid, in participants with normal hearing, using stimulus and recording parameters selected to minimize stimulus artifact in the EEG and its resultant spurious responses. Second, to investigate the effects of changing stimulus polarity on the ASSRs in normal-hearing subjects. Third, to compare amplitude and phase characteristics of ASSRs to bone-conduction, presumed to reflect the response of both cochleae, to ASSRs elicited by air-conduction stimuli presented binaurally (diotically), known to reflect the response of both cochleae.
METHODS

Participants
Two groups of individuals with normal hearing participated. ASSRs to air-conduction stimuli were recorded for a group (AC-ASSR) of ten adults aged 19 to 37 years. ASSRs to bone-conduction stimuli were recorded in another group (BC-ASSR) of ten adults aged 20 to 48 years. Initially, we obtained AC-and BC-ASSR recordings for the same group of adults but realized that we had stimulus artifact in our bone-conduction results. We thus obtained BC-ASSRs using a higher A/D rate in a different group of adults; stimulus artifact was not an issue for the AC-ASSRs using the lower rate; thus, the air-conduction recordings were not repeated. All participants had normal hearing, with behavioral airand bone-conduction thresholds of 20 dB HL (ANSI, 1996) or better in both ears from 250 to 8000 Hz. The mean behavioral pure-tone air-and bone-conduction thresholds, shown in Table 1 , are similar for these two groups.
Stimuli
All stimuli were sinusoidal tones with the carrier frequencies 500, 1000, 2000, and 4000 Hz that were 100% amplitude modulated at 77.148, 84.961, 92.773, and 100.586 Hz, respectively. The stimuli were presented simultaneously for all conditions tested. Airand bone-conduction stimuli were generated by the Rotman MASTER research system (John and Picton, 2000) , routed through Tucker-Davis Technologies SM3 and HB6 modules to allow presentation of noninverted and inverted stimuli, and attenuated through a clinical audiometer (Interacoustics AC40).
Bone-conduction stimuli were presented to a Radioear B-71 bone oscillator that was held in position on the temporal bone within 2 cm of the pinna with a wide elastic headband fastened with Velcro TM (Universal Facial Band #210, Design Veronique, Oakland, CA) with 450-550 g of force. Boneconduction stimuli were presented using 10 dB steps at: (1) 0 to 50 dB HL for noninverted stimuli, (2) 30 to 50 dB HL for inverted stimuli, and (3) 30 to 50 dB HL for "alternated" stimuli. ASSRs to "alternated" stimuli were obtained by averaging offline the ASSR waveforms to noninverted and inverted stimuli (Small and Stapells, 2004) . ASSRs to alternated stimuli were not tested at levels lower than 30 dB HL because stimulus artifact and aliasing is considered negligible for bone-conduction stimuli less than 30 dB HL, provided a 1250 Hz A/D rate is used (Small and Stapells, 2004) ; that is, alternated stimuli were not needed to help reduce the effects of stimulus artifact at these levels.
Air-conduction stimuli were presented using EAR-3A insert earphones. Airconduction stimuli were presented binaurally (diotically) at 30, 40, and 60 dB HL to be comparable to the bone-conduction stimuli that were presented across a range of intensities. Stimulus artifact is not expected to be a problem for air-conduction stimuli presented at moderate levels, therefore, only single-polarity stimuli ("noninverted") were used. Additionally, as a check of whether "alternating" stimuli degraded the ASSR, monaural air-conduction stimuli were presented at 40 dB HL using noninverted and inverted stimuli. A 40 dB HL airconduction stimulus was used to ensure that stimulus artifact was not an issue; monaural presentation avoided possible additional complexities of stimulating both cochleae.
Calibration
The bone-conduction stimuli were calibrated in reference equivalent threshold force levels (RETFLs) in dB re:1µN corresponding to 0 dB HL for the mastoid (ANSI S3.6-1996) using a Brüel and Kjaer Model 2218 sound level meter and Model 4930 artificial mastoid. The oscillator was coupled to the artificial mastoid with 550 g of force. Air-conduction stimuli were calibrated in reference equivalent threshold sound pressure levels (RETSPLs) corresponding to 0 dB HL (ANSI S3.6-1996) using a Quest Model 1800 sound level meter and a Brüel and Kjaer DB0138 2-cc coupler. BC-ASSR AIR 4.4 (5.8) 2.8 (4.4) 0.0 (7.9) 3.3 (7.5) BONE 4.9 (7.7) -3.1 (4.9) 4.4 (6.3) -3.6 (6.3)
ASSR Recording
ASSRs were recorded using the Rotman MASTER system. Three gold-plated electrodes were used to record the electrophysiologic responses; the noninverting electrode was placed at Cz, the inverting electrode was positioned at the nape of the neck, just below the hairline, and an electrode placed at the high forehead acted as ground. All interelectrode impedances were below 3 kOhms at 10 Hz.
For ASSRs elicited by bone-conduction stimuli, the EEG was filtered using a 30-250 Hz filter (12 dB/oct) and amplified 80,000 times (Nicolet HGA-200A and Nic501A). The EEG was further filtered using a 300 Hz lowpass anti-aliasing filter (Stanford Research Systems; 115 dB/oct), and the EEG was then processed using a 1250 Hz A/D conversion rate. The digital-to-analog (D/A) rate was 31,250 Hz. Each EEG recording sweep was made up of 16 epochs of 1024 data points and lasted a total of 13.107 seconds.
For ASSRs elicited by air-conduction stimuli, the EEG was filtered using a 30-250 Hz (12 dB/oct) filter, amplified 80,000 times (Nicolet HGA-200A and Nic501A) and processed using a 500 Hz A/D rate Stapells, 2001, 2003) . The D/A rate was 32,000 Hz. Each EEG recording sweep was made up of 16 epochs of 1024 data points and lasted a total of 16.384 seconds. Artifact rejection for bone-and air-conduction stimuli was set to eliminate epochs of electrophysiologic activity that exceeded ± 40 µV in amplitude in order to reduce contributions to the EEG due to muscle artifact.
ASSRs were averaged in the time domain then analyzed online into the frequency domain using a Fast Fourier Transform (FFT). The FFT resolution was 0.060 and 0.093 Hz for the 500 and 1250 Hz A/D rates, respectively, over a range of 0 to 250 Hz. Amplitudes were measured baseline-to-peak and expressed in nV. An F-ratio was calculated by MASTER to estimate the probability that the amplitude of the ASSR at the modulation frequency for each carrier frequency was significantly different from the average amplitude of the background noise in adjacent frequencies within ±60 bins of the modulation frequency ("noise") (John and Picton, 2000) . A response was considered to be present if the F-ratio, compared to the critical values for F(2, 240), was significant at a level of p < .05. A response was considered to be absent if p > .05 and the amplitude of the noise was less than 11 nV. Alternatively, a response was also considered to be absent when response amplitude was <10 nV and if the p value ≥ .30.
Amplitude values were averaged across subjects, including ASSR amplitudes for responses that were not significant. The phase values from MASTER were adjusted by adding 90º to yield the onset phase (John and Picton, 2000) . Onset phase values were then converted to phase delay (P) by subtracting the onset phase value from 360º. Any phasedelay values that differed ≥180º from an adjacent measure were "unwrapped" by adding 360º to their value (John and Picton, 2000) . Phase values for ASSRs that were not significant were excluded from mean phasedelay calculations. Phase-delay values were averaged across subjects. Results are only reported if at least five subjects contributed to the mean.
Procedure
Testing was performed in a double-walled sound-attenuating booth. Participants reclined in a comfortable chair and were instructed to relax or sleep during the ASSR test session. Behavioral thresholds for puretone air-and bone-conduction stimuli were obtained at the beginning of the session to establish normal hearing thresholds. ASSRs were elicited to bone-conduction stimuli in descending order of intensity. ASSRs were elicited to air-conduction stimuli in a randomized order of intensity. The total testing time was approximately 1.5 hours, including the time to obtain behavioral thresholds. Participants signed a consent form before commencing any of the experiments and were paid an honorarium at the end of each session.
Data Analyses
Changes in ASSR amplitude and phase delay were compared across stimulus polarity condition ("noninverted versus inverted", "noninverted versus alternated" and "inverted versus alternated") and carrier frequency (500, 1000, 2000, and 4000 Hz) and between mode of stimulus presentation (bone-versus binaural air-conduction). Mean amplitude and phase-delay values were calculated for ASSRs elicited by monaural air-conduction stimuli. The slopes of the amplitude and phase-delay functions with intensity were calculated from 30-50 dB HL for boneconduction stimuli, and 30-60 dB HL for binaural air-conduction stimuli. In order to compare bone conduction to air conduction (binaural), phase delay was also converted to latency (in milliseconds), after correcting for the insert earphone delay (-0.92 msec).
Comparisons across stimulus polarity and carrier frequency for amplitude and phase-delay measures were made for ASSRs to monaural air-conduction stimuli presented at 40 dB HL using a two-way repeatedmeasures analysis of variance (ANOVA). Comparisons across stimulus polarity and carrier frequency for the slopes of the intensity-amplitude and intensity-phasedelay functions for ASSRs elicited by boneconduction stimuli were also made using a two-way repeated-measures ANOVA. Comparisons between mode of presentation and across carrier frequency for the slopes of amplitude-and phase-delay-intensity functions for ASSRs elicited by binaural airand bone-conduction stimuli were made using a mixed ANOVA. Only alternated boneconduction ASSR phase-delay results were included in the mixed ANOVA. Huynh-Feldt epsilon-adjustments for repeated measures were made when appropriate. Newman-Keuls post hoc comparisons were performed for significant main effects and interactions. The criterion for statistical significance was p < .05 for all analyses.
RESULTS
Normal Bone-Conduction ASSR Thresholds
The mean (1 SD) bone-conduction ASSR thresholds in these subjects with normal hearing were 22.0 (11.4), 26.0 (13.5), 18.0 (7.9), and 18.0 (11.4) dB HL for 500, 1000, 2000, and 4000 Hz, respectively. The percentage of participants who had thresholds ≤20 dB HL were 60, 40, 90, and 60% at 500, 1000, 2000, and 4000 Hz, respectively. The percentage of participants who had thresholds ≤30 dB HL were 90, 70, 100, and 100% at 500, 1000, 2000, and 4000 Hz, respectively.
Monaural Air-Conduction Stimuli (Single-and Alternated-Stimulus Polarities)
As shown in Table 2 , the mean amplitude and phase-delay values for ASSRs elicited by monaural air-conduction stimuli presented at 40 dB HL were similar for the noninverted, inverted, and alternated stimulus polarity conditions. The mean amplitude values across frequency were 46.5, 40.0, and 42.7 nV for noninverted, inverted, and alternated stimulus polarities, respectively. Results of an ANOVA comparing ASSR amplitudes across polarity and carrier frequency revealed that there was no effect of frequency or interaction between frequency and polarity, but there was a small but significant effect of polarity (p = .030) ( Table 3) . Post hoc comparisons indicated that the significant polarity main effect was due to a small but significant difference between amplitudes for "noninverted versus inverted" stimulus polarities. There were no significant differences between ASSR amplitudes to "noninverted versus alternated" or "inverted versus alternated" stimulus polarities.
Results of an ANOVA comparing ASSR phase delay across polarity and carrier frequency revealed no interaction between frequency and polarity but significant main effects of polarity (p = .035) and frequency (p = .007). The mean phase-delay values Note: NON = non-inverted stimulus polarity; INV = inverted stimulus polarity; ALT = alternated stimulus polarity.
across frequency were 125.6, 138.8, and 129.2 degrees for noninverted, inverted, and alternated stimulus polarities, respectively. Post hoc comparisons indicated the small difference in ASSR phase delay for "noninverted versus inverted" stimulus polarities was significant, but no significant difference was present for "noninverted versus alternated" or "inverted versus alternated" stimulus polarities. Post hoc comparisons also indicated that phase delay was significantly longer for 1000 Hz compared to 2000 and 4000 Hz; no differences were found for 500 Hz compared to higher carrier frequencies.
Bone-Conduction Stimuli (Single-and Alternated-Stimulus Polarities)
As shown in Table 4 , there were no differences in the slopes of the intensityamplitude functions between alternated-and single-polarity stimuli for bone-conduction ASSRs. Amplitude slope tended to increase with decreases in frequency, which is also indicated in Figures 1 and 2 and Table 4 . A two-way repeated measures ANOVA indicated that there was no effect of polarity or interaction between stimulus polarity and carrier frequency for amplitude; however, there were significant differences across carrier frequency, as shown in Table 5 . Post hoc comparisons indicated that the mean slope for amplitude was significantly steeper for the 500 Hz carrier frequency compared to higher carrier frequencies.
As shown in Table 4 , there were also no differences in the slopes of the intensityphase-delay functions between alternatedand single-polarity stimuli for boneconduction ASSRs. Figures 3 and 4 and Table  4 indicate that the phase-delay slopes for Note: BC = bone conduction; AC = binaural air-conduction; NON = noninverted stimulus polarity; INV = inverted stimulus polarity; ALT = alternated stimulus polarity.
ASSRs to 500, 2000, and 4000 Hz stimuli tended to be similar; the phase-delay slopes for ASSRs to 1000 Hz stimuli tended to be steeper than the other carrier frequencies. A two-way repeated measures ANOVA, shown in Table 5 , indicated that, for phase delay, there was no effect of polarity or interaction between stimulus polarity and carrier frequency; however, there were significant differences across carrier frequency. Post hoc pair-wise comparisons indicated that the mean slope for phase-delay for the 1000 Hz carrier frequency was significantly steeper compared to the 500, 2000, and 4000 Hz carrier frequencies.
Bone-Conduction versus Binaural AirConduction ASSRs
Figures 1 and 2 and Table 4 show that amplitudes for ASSRs to binaural airconduction stimuli (30, 40, and 60 dB HL) and bone-conduction stimuli (30, 40, and 50 dB HL) had the same slope with increased intensity for 1000, 2000, and 4000 Hz carrier frequencies. For 500 Hz, the increase in amplitude with intensity was steeper for bone-conduction ASSR amplitudes (singleand alternated-stimulus polarities) compared to air-conduction ASSR amplitudes (Table  4) . Results of a two-way mixed ANOVA for amplitude showed that ASSRs to boneconduction stimuli had steeper intensityamplitude slopes than ASSRs to airconduction stimuli. There was also a significant main effect for frequency and a significant interaction between mode of stimulus and carrier frequency (Table 6) . Post hoc pair-wise comparisons for the interaction between frequency and mode of stimulus indicated that the slope for amplitude for ASSRs to the 500 Hz bone- conduction stimulus was significantly steeper than any of the ASSRs to bone-conduction stimuli at higher frequencies or airconduction stimuli at any frequency.
Figures 3 and 4 and Table 4 show that the intensity-phase-delay functions across carrier frequencies for air-and boneconduction ASSRs tended to be steeper at 1000 Hz. The increase in phase delay with intensity was steeper for bone-conduction ASSR phase delay compared to air-conduction ASSR phase delay. Results of a two-way mixed ANOVA showed that ASSRs to boneconduction stimuli had steeper slopes for phase delay than those to air-conduction stimuli and that there were differences in slope across carrier frequencies. There was no significant interaction between mode of stimulus and carrier frequency (Table 6 ).
Post hoc comparisons of carrier frequency (pooled across air-and bone-conduction mode) indicated that the slope for phase delay was significantly steeper for 1000 Hz stimuli compared to 2000 or 4000 Hz but no difference was found between 500 and 1000 Hz stimuli.
Figures 3 and 4 also show that boneconduction ASSRs had longer phase delays than binaural air-conduction ASSRs. Phase delay was converted to milliseconds by averaging the phase delay of the ASSRs elicited by 30 and 40 dBHL stimuli and dividing by (360 x modulation frequency). The mean differences in phase delay in milliseconds between bone-(noninverted) and air-conduction ASSRs were 2.49, 3.52, 3.48, and 3.81 msec at 500, 1000, 2000, and 4000 Hz, respectively. Similarly, the mean differences in phase delay between bone- Note: The bone-conduction ASSRs were elicited using an alternated stimulus polarity. a Huynh-Feldt epsilon (ε) correction factor for degrees of freedom; b Probability reflects corrected degrees of freedom; * significant (p < .05).
(alternated) and air-conduction ASSRs were 2.42, 3.32, 3.48, and 3.91 msec at 500, 1000, 2000, and 4000 Hz, respectively.
DISCUSSION
T he bone-conduction ASSR thresholds in the present study range from 18-26 dB HL for 500, 1000, 2000, and 4000 Hz stimuli, respectively. As shown in Table 7 , comparison of the bone-conduction ASSR thresholds to previously reported results (Lins et al, 1996; Herdman and Stapells, 2001; Dimitrijevic et al, 2002; Jeng et al, 2004) indicates values with substantial variability across studies. All bone-conduction thresholds in Table 7 , except for the thresholds obtained in the present study, are reported in dB HL after adjusting for forehead-mastoid differences (-14.0, -8.5, -11.5, and -8 .0 dB at 500, 1000, 2000, and 4000, respectively) and the occlusion effect (16.0, 8.0, 0.0, and 2 .0 dB at 500, 1000, 2000, and 4000, respectively). Averaged across frequencies, thresholds in the present study are approximately 5 dB higher than those reported by Dimitrijevic et al (2002) , 4 dB lower than those of Lins et al (1996) , and 18 dB lower than those reported by Jeng et al (2004) . Much of the variability in the threshold values may be due to: (1) differences in the placement of the bone oscillator (forehead versus mastoid), (2) occluded versus unoccluded ears, (3) method of stimulus calibration, (4) inherent variability in bone-conduction calibration, and (5) small sample sizes. The application of correction factors to allow comparisons across studies also introduces variability. Differences in ASSR thresholds to bone-conduction stimuli across studies should therefore be interpreted cautiously because of these sources of variability in its measurement.
Bone-conduction ASSR thresholds in the present study are similar to air-conduction ASSR thresholds reported by other studies. For example, as shown in Table 7 , Herdman and Stapells (2001) reported air-conduction thresholds (converted to dB HL) that are within 3-7 dB of our bone-conduction ASSR thresholds (in dB HL).
Bone-conduction ASSRs have longer latencies compared to air-conduction ASSRs. The direction of these results is consistent with those reported by Boezeman et al (1983) and Gorga et al (1993) for ABR wave V. However, the ASSR latency differences in the present study (2.42-3.91 msec) are substantially greater than the differences reported by Boezeman et al (0.88 msec for a 2000 Hz brief tone) and 41 msec for 250 to 4000 Hz brief tones). Possible explanations for these results are: (1) latency differences derived from ASSR phase delays may not be exactly the same as ABR latencies, and/or (2) bone conduction at the mastoid may not be equivalent in effective level to binaural air conduction. Stenfelt and Hakansson (2002) found a 6-10 dB difference in loudness between air-and bone-conduction stimuli for 250 to 4000 Hz stimuli presented at 30-80 dB HL. They attributed this result to distortion from the bone transducer, multimodal stimulation, and differences in transmission path affecting the perceived loudness.
The differences in amplitude between airand bone-conduction ASSRs elicited in the present study are similar to the results reported by Dimitrijevic et al (2002) . In both studies, ASSR intensity-amplitude functions were steeper for 500 Hz bone-conduction stimuli compared to air-conduction stimuli. Dimitrijevic et al (2002) used bone-conduction white-noise masking in an attempt to eliminate the multiple ASSRs to bone-conduction stimuli in order to confirm that the responses were physiologic, not artifactual. They found that not all ASSRs to bone-conduction stimuli presented Note: Thresholds have been corrected, where necessary, to account for forehead-mastoid differences and for occlusion effects.
• Multiple AM tones, mastoid placement, unoccluded; * Multiple AM tones, forehead placement, occluded; † Multiple AM/FM tones, forehead placement, occluded; thresholds were calculated from ASSR (AM tones) minus behavioral (AM tones) threshold differences (A. Dimitrijevic, pers. comm.); § Multiple AM tones, forehead placement, occluded; ∞ Multiple AM tones, single ear (insert earphone).
at 30 dB SL were eliminated by masking; responses were present in 17.5% of the subjects, which was significantly greater than the 5% expected by chance. The majority of these responses were to 1000 Hz stimuli (A. Dimitrijevic, pers. comm.) . Dimitrijevic et al (2002) suggested that this result was either due to undermasking or that a small amount of stimulus artifact was present in the response. Dimitrijevic et al used a 1000 Hz A/D rate, a rate that we have shown can result in aliasing of stimulus artifact in the EEG at higher boneconduction intensities (Small and Stapells, 2004) . Lins et al (1996) also found differences between air-and bone-conduction ASSR amplitudes to 500 and 1000 Hz carrier frequencies compared to higher carrier frequencies, but they were unable to explain their results. They used a 679 Hz A/D rate to digitize the EEG. Although aliasing would likely have occurred, artifact in the EEG would not have aliased at exactly the modulation rate of the carrier frequency because of the 679 Hz A/D rate. Although aliasing may not have been an issue, "nonauditory" physiologic responses to 500 and 1000 Hz stimuli may account for their unexpected results (Small and Stapells, 2004) .
In the present study, we found that ASSR phase delay systematically decreased with increasing intensity for air-and boneconduction stimuli (Figures 3 and 4) except for 500 Hz air-conduction stimuli. Dimitrijevic et al (2002) reported similar results for airconduction stimuli but found no clear relationship between onset phase and intensity for bone-conduction stimuli. The presence of aliasing may have confounded their boneconduction results. The lack of change in phase delay with intensity for the air-conduction 500 Hz results in the present study is not well understood.
The possibility of artifactual responses (whether nonauditory physiologic or stimulus artifact) in the ASSR is demonstrated by the presence of spurious responses to 50 and 60 dB HL 500 Hz bone-conducted stimuli in participants with severe-to-profound hearing losses who cannot hear the bone-conduction stimuli (Small and Stapells, 2004) . Our results for subjects with normal hearing (present study) show that alternating the stimulus polarity has no effect on the slope of the intensity-amplitude or intensity-phase-delay functions for ASSRs to 500 Hz or any other carrier frequencies. Because alternating polarity does not alter the responses of normal subjects, the findings of the present study lend support to the possibility that these responses are physiologic rather than the result of stimulus artifact. Previous studies have shown that vestibular-evoked myogenic potentials can be elicited by high-intensity clicks and tone bursts (Colebatch, 2001) . Recently, Nong et al (2000) reported an acoustically evoked short-latency negative response at 3-4 msec when recording ABRs in patients with profound hearing loss. The results of the present study also confirm that an "alternating" stimulus polarity does not, in itself, distort the amplitude or phase characteristics, as indicated by the results for the ASSRs to a 40 dB HL monaural air-conduction stimulus.
SUMMARY
N ormal ASSR thresholds to amplitudemodulated bone-conduction stimuli are 22, 26, 18, and 18 dB HL for 500, 1000, 2000, and 4000 Hz, respectively. Alternating the polarity of the stimulus does not significantly change the amplitude or phase of the ASSRs and, thus, can be used to reduce the contribution of spurious responses in boneconduction ASSRs resulting from stimulus artifact in the EEG. Spurious responses are also avoided by using a 1250 Hz A/D rate and a steep anti-aliasing filter. In adults with normal hearing, ASSR amplitudes are larger for 500 Hz compared to higher carrier frequencies for bone-conduction stimuli, despite alternating the stimulus polarity. Bone-conduction amplitude measures for ASSRs to 500 Hz stimuli are also larger compared to binaural air-conduction ASSRs (all carrier frequencies). The change in ASSR phase delay with intensity is steeper for 1000 Hz compared to 500, 2000, and 4000 Hz. The change in phase-delay with intensity is steeper for bone-conduction ASSRs compared to binaural air-conduction ASSRs. The steeper intensity-amplitude slope for bone-conduction ASSRs to 500 Hz may be related to our previous findings that artifactual responses are present to high-intensity bone-conduction stimuli for single-and alternated-stimulus polarities (Small and Stapells, 2004) .
CONCLUSIONS AND CLINICAL IMPLICATIONS
M ultiple ASSRs to bone-conduction stimuli can be used to assess threshold at 500, 1000, 2000, and 4000 Hz in adults with normal hearing. Multiple ASSRs can potentially be used to assess bone-conduction thresholds in individuals with mild-tomoderate hearing loss. For 500 Hz stimuli, however, the possibility of nonauditory physiologic responses for levels 50 dB HL or greater limits recording ASSRs at this frequency to intensities 40 dB HL and lower (Small and Stapells, 2004 
